The nodulation of Bradyrhizobium japonicum Is-34 is restricted by Rj 4 genotype soybeans (Glycine max). To identify the genes responsible for this incompatibility, Tn5 mutants of B. japonicum Is-34 that were able to overcome this nodulation restriction were obtained. Analysis of the Tn5 mutants revealed that Tn5 was inserted into a region containing the MA20_12780 gene. In addition, direct disruption of this gene using marker exchange overcame the nodulation restriction by Rj 4 genotype soybeans. The MA20_12780 gene has a tts box motif in its upstream region, indicating a possibility that this gene encodes a type III secretion system (T3SS) effector protein. Bioinformatic characterization revealed that the MA20_12780 protein contains the small ubiquitin-like modifier (SUMO) protease domain of the C48 peptidase (ubiquitin-like protease 1 [Ulp1]) family. The results of the present study indicate that a putative T3SS effector encoded by the MA20_12780 gene causes the incompatibility with Rj 4 genotype soybeans, and they suggest the possibility that the nodulation restriction of B. japonicum Is-34 may be due to Rj 4 genotype soybeans recognizing the putative T3SS effector (MA20_12780 protein) as a virulence factor. Yamakawa T. 2015. A putative type III secretion system effector encoded by the MA20_12780 gene in Bradyrhizobium japonicum Is-34 causes incompatibility with Rj 4 genotype soybeans. Appl Environ Microbiol 81:5812-5819.
S oybeans (Glycine max) are an important agricultural crop and are well known for establishing a symbiosis with nitrogenfixing bacteria (rhizobia), such as Bradyrhizobium and Ensifer species (1) . The symbionts form nodules in the roots of the soybean plant and provide fixed nitrogen to the soybean. In return, the soybean provides carbohydrates to the symbionts (2) . The nodulation of the symbionts is controlled by soybean genes that are referred to as Rj or rj genes. To date, eight Rj or rj genes (rj 1 , Rj 2 , Rfg1, Rj 3 , Rj 4 , rj 5 , rj 6 , and rj 7 ) have been identified (3) . For example, the dominant Rj 4 gene in soybeans restricts the nodulation of specific strains of Bradyrhizobium bacteria (e.g., Bradyrhizobium japonicum Is-34 and Bradyrhizobium elkanii USDA 61) almost completely (3) (4) (5) . The Rj 4 genotype may be an important trait of soybeans in the agricultural fields of Japan, because Glycine max cv. Fukuyutaka, harboring the Rj 4 gene, is the most cultivated cultivar in Japan, according to the 2012 statistics of the Ministry of Agriculture, Forestry, and Fisheries (MAFF) of Japan (http://www .maff.go.jp/j/seisan/ryutu/daizu/d_data/pdf/010.pdf [in Japanese; accessed January 2015]), and 24% of soybeans introduced into the United States from Japan exhibited the Rj 4 genotype (6) . In addition, Ͼ60% of soybean cultivars introduced from Southeast Asia had the Rj 4 gene (6, 7). One possible explanation for the high abundance of the Rj 4 genotype in soybeans is its ability to restrict the nodulation of B. elkanii strains. B. elkanii strains are considered to be poor symbiotic partners of soybeans (7) , because rhizobitoxine, produced by B. elkanii, induces chlorosis in soybeans (6) . Recently, a product of the Rj 4 gene was identified as a thaumatin-like protein (TLP) (4, 7) . Products of all the Rj (or rj) genes, except for Rj 3 , have been identified. However, to the best of our knowledge, and on the basis of a recent review of rhizobiumlegume symbiosis (8) , no symbiont genes involved in symbiosis with Rj or rj genotype soybeans have been identified yet.
Okazaki et al. reported that disruptants of the type III secretion system (T3SS) structural gene in B. elkanii USDA 61 overcame the nodulation restriction of Rj 4 genotype soybeans (5) . This result indicates a possibility that the T3SS effector protein is involved in the incompatibility with Rj 4 genotype soybeans (9) . However, no candidate gene involved in this incompatibility has been identified yet. The present study identified the MA20_12780 gene in B. japonicum Is-34 as a candidate gene by analyzing Tn5 mutants of B. japonicum Is-34. Genes encoding the T3SS effector protein are regulated by the transcriptional activator TtsI, and the regions upstream of these genes have the conserved promoter element (tts box), which is the binding site of TtsI (10) . Since the MA20_12780 gene also has a tts box in its upstream region, this gene is likely to encode a T3SS effector protein.
MATERIALS AND METHODS
Plants. Glycine max cv. Hill and G. max cv. Fukuyutaka were used. These cultivars were identified as Rj 4 genotype soybeans, and they restrict the nodulation of B. japonicum Is-34 and B. elkanii USDA 61 (4, 5, (11) (12) (13) . Glycine max cv. Akishirome was also used, as a non-Rj 4 genotype soybean (12) . In this paper, the Rj gene is given in parentheses after the cultivar name, e.g., G. max cv. Fukuyutaka (Rj 4 ). Helper plasmid for mating 26
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . B. japonicum strains were grown in modified HM medium by adding 0.1% L-arabinose and 0.03% yeast extract (14, 15) at 30°C. Escherichia coli strains were grown in LB broth medium (Sigma-Aldrich Japan KK) at 37°C. Antibiotics were added to the media at the following final concentrations: kanamycin at 50 g ml Ϫ1 for Tn5 mutants of B. japonicum Is-34, E. coli S17-1 harboring pUTKm (16) (17) (18) , or E. coli JM109 harboring derivatives of pK18mobsac (19) ; ampicillin at 50 g ml Ϫ1 for E. coli JM109 (Toyobo Co., Ltd., Osaka, Japan) harboring derivatives of pGEM-3Zf(Ϫ) (Promega KK, Tokyo, Japan) or pGEM-T Easy (Promega KK, Tokyo, Japan); and streptomycin at 50 g ml Ϫ1 for the ⌬MA20_12780 mutant derived from B. japonicum Is-34.
Isolation of Tn5 mutants of B. japonicum Is-34. Tn5 mutagenesis of B. japonicum Is-34 was carried out via mating with E. coli S17-1 harboring the pUTKm plasmid (16) according to the protocol of a previous report that produced Tn5 mutants of B. japonicum Is-1 (20) . pUTKm is a Tn5 suicide plasmid, and this mating conferred kanamycin resistance (Km r ) on strain Is-34 by inserting Tn5 randomly into the genome of Is-34. The Km r transconjugants of strain Is-34 were inoculated into Rj 4 genotype G. max cv. Hill. After 4 weeks of cultivation, Tn5 mutants were isolated from nodules produced on the roots of G. max cv. Hill (Rj 4 ). The cultivation of soybean plants inoculated with Km r transconjugants and the isolation of Tn5 mutants from nodules were performed as described previously (20) .
Identification of Tn5 insertion sites. The genomic DNA of Tn5 mutants was extracted using the Isoplant kit (Nippon Gene, Tokyo, Japan) and was digested using the SalI restriction enzyme (Toyobo Co., Ltd., Osaka, Japan). Since Tn5 has no SalI site (16) , the Km r gene in Tn5 could be used as a cloning marker to indicate that the SalI fragment contained a Tn5 insertion. The SalI fragment containing Tn5 was cloned into a SalI site in pGEM-3Zf(Ϫ) and was transformed into E. coli JM109 in order to obtain colonies that were resistant to kanamycin. The pGEM-3Zf(Ϫ) derivatives containing Tn5 were purified using the Wizard Plus SV Minipreps DNA purification system (Promega KK, Tokyo, Japan). The pGEM-3Zf(Ϫ) derivatives were commercially sequenced by Macrogen Inc. (Seoul, South Korea) using primers 5=-CTCCTTCATTACAGAAACG G-3= and 5=-GCCGCACTTGTGTATAAGAG-3=. These primers were designed to read outward from within Tn5 by reference to the sequences of the transposable element (Tn5) in plasmid pUTKm (NCBI accession no. AB158755). The sequence reads were assembled, and Tn5-derived sequences were removed from the resulting contig by reference to the border sequences of Tn5 (5=-ACTTGTGTATAAGAGTCAG-3=) (16) in order to obtain Tn5-flanking sequences. These treatments were performed using ATGC software, version 6.0.5 (Genetyx Corporation, Tokyo, Japan). The Tn5-flanking sequences were analyzed by a BLASTN search (21) against the draft genome of B. japonicum Is-34, which consisted of 248 contigs and was annotated by the NCBI Prokaryotic Genome Annotation Pipeline (PGAP, version 2.8) (22) . Based on the results of the BLASTN search, Tn5 insertion sites were identified.
Characterization of a gene disrupted by Tn5 (the MA20_12780 gene). A map of a gene disrupted by Tn5 (the MA20_12780 gene) and adjacent genes was drawn using drawGeneArrows2 software (http://www .ige.tohoku.ac.jp/joho/labhome/tool.html) ( Fig. 1a) . A putative tts box in the region upstream of the MA20_12780 gene was identified using the DNA Pattern Find program (http://www.bioinformatics.org/sms2/dna _pattern.html) with the consensus sequence of the tts box (10) (Fig.  1b) . The consensus sequence of the tts box was as follows: 5=-RWCA GBYNNNNRHMAKBHNNNBNNNNNA-3=. Sequences homologous to the putative tts box in the region upstream of the MA20_12780 gene were surveyed from a list of tts box sequences from Bradyrhizobium diazoefficiens USDA 110 reported by Zehner et al. (10) . The transposase (the MA20_12740 gene) and the IS1631 terminal repeat (23) around the gene disrupted by Tn5 were identified using the xBASE bacterial genome annotation service (36) and BLASTN analysis of the region upstream of the gene disrupted by Tn5 (the MA20_12780 gene) at the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi), respectively.
Disruption of the MA20_12780 gene by marker exchange. The DNA fragment containing the tts box and the MA20_12780 gene was amplified by PCR using primers 5=-AAATCTAGATTCGGTATCTTCGGTCTCT C-3= and 5=-AAATCTAGACGACACGATCAGGTTCGTTG-3= (the XbaI site is underlined). The PCR mixture (50 l) contained 10 pmol of each primer, 1.25 U of Ex Taq DNA polymerase (Ex Taq Hot Start version; TaKaRa Bio Inc., Shiga, Japan), and 10 ng of genomic DNA from B. japonicum Is-34. The cycling conditions were as follows: 98°C for 1 min; 30 cycles of 98°C for 10 s, 62°C for 30 s, and 72°C for 180 s. The PCR product (4,539 bp) was purified using the Wizard SV Gel and PCR Clean-Up system (Promega KK, Tokyo, Japan) and was cloned into the TA cloning vector pGEM-T Easy, generating plasmid pGEMttsC48 (Table  1 ; Fig. 1a ). pGEMttsC48 was digested using XbaI, and the XbaI fragment containing the PCR product was recloned into an XbaI site of plasmid pK18mobsac, generating plasmid pSacttsC48 ( Table 1 ). The PCR product in pSacttsC48 has two internal XhoI sites (Fig. 1a) . To disrupt the MA20_12780 gene, the XhoI fragment (984 bp) was removed from pSacttsC48 by XhoI digestion and was replaced with another XhoI fragment containing the streptomycin and spectinomycin resistance (Sm r Sp r ) gene, generating plasmid pSmRSacttsC48 (Table 1; Fig. 1a ). The XhoI fragment containing the Sm r Sp r gene was produced by PCR amplification from plasmid pHP45⍀ (24) with primers 5=-CAGCAACTCGAG CAATGCCTGACGATGCGTGGAGACC-3= and 5=-AGAGGTCTCGAG CGTCATCACCGAAACGCGCGAG-3= (the XhoI site is underlined) and XhoI digestion. These primers were designed by Smith et al. (25) . The PCR mixture (50 l) contained 10 pmol of each primer, 1.25 U of Ex Taq DNA polymerase (Ex Taq Hot Start version), and 100 ng of plasmid pHP45⍀. The cycling conditions were as follows: 98°C for 1 min; 30 cycles of 98°C for 10 s, 88°C for 30 s, and 72°C for 60 s. Plasmid pSmRSacttsC48 was mobilized into B. japonicum Is-34 through triparental mating with the helper plasmid pRK2013 (26) . The MA20_12780 gene was disrupted by homologous recombination in B. japonicum Is-34, generating the ⌬MA20_12780 mutant ( Table 1 ). The double-crossover event was verified by PCR (data not shown).
Nodulation ability of the ⌬MA20_12780 mutant on Rj 4 genotype soybeans. The wild-type strain (Is-34), a Tn5 mutant (5H3), and the ⌬MA20_12780 mutant were inoculated into Rj 4 genotype soybeans (cultivars Hill and Fukuyutaka). Non-Rj 4 genotype soybeans (cultivar Akishirome) were used as a control. The soybean plants were prepared as follows. A Leonard jar pot system (27) was made by assembling two plant boxes (CUL-JAR300; Iwaki, Tokyo, Japan). The upper part of the Leonard jar contained 350 ml vermiculite and 150 ml water, and the lower part contained 100 ml water. Soybean seeds were sterilized with 5% sodium hypochlorite for 5 min and were rinsed with sterilized water five times. The surface-sterilized seeds were planted, with two seeds per autoclaved Leonard jar pot. The plants were then grown in a plant growth chamber (Biotron LH-200; Nippon Medical & Chemical Instruments Co., Ltd., Osaka, Japan) at 25°C, and a nitrogen-free sterilized nutrient solution (28) was supplied to the lower part of the Leonard jar as needed to maintain the moisture content. After 4 weeks of cultivation, nodules were counted. The results were statistically analyzed by Tukey's test (n ϭ 5 or 6; P Ͻ 0.05).
Bioinformatic characterization of the MA20_12780 protein. Repeat domains and conserved domains of the MA20_12780 protein were identified using the RADAR program (http://www.ebi.ac.uk/Tools/pfa /radar/) and the NCBI conserved domain search software (http://www .ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), respectively. By using multiple-sequence alignment analysis with the ClustalW program in BioEdit software, version 7.1.9 (http://www.mbio.ncsu.edu/bioedit/bioedit.html) (29) , amino acid sequences in repeat domains were compared, and the conserved domains in the MA20_12780 protein were compared to the C-terminal amino acid sequences of XopD and XopD-like proteins in Xanthomonas campestris pv. vesicatoria 85-10 (XopD; GenBank accession no. DAA34040), X. campestris pv. campestris 8004 (XopD Xcc8004 ; accession no. YP_242302) and B100 (XopD XccB100 ; accession no. YP_001902662), and Bradyrhizobium diazoefficiens USDA 110 (Bll8244; accession no. NP_774884) (10, 30) (see Fig. 3c ). The GenBank accession no. for the MA20_12780 protein is KGT79298.
Nucleotide sequence accession number. Previously, a draft genome of B. japonicum Is-34 was deposited at DDBJ/EMBL/GenBank under accession no. JRPN00000000 (22) . Based on the results of the current study, only contig 13 in this draft genome was reannotated. The DDBJ/EMBL/ GenBank accession no. for the reannotated contig 13 is JRPN01000013.
RESULTS

Identification of the gene disrupted by Tn5
. Km r transconjugants of B. japonicum Is-34 were obtained by mating with E. coli S17-1 harboring the pUTKm plasmid and were inoculated into G. max cv. Hill (Rj 4 ). A total of 76 Tn5 mutants were isolated from nodules produced on the roots of G. max cv. Hill (Rj 4 ). Among these mutants, 19 (listed in Table 1) were used to identify genes disrupted by Tn5. From these 19 mutants, SalI fragments containing Tn5 were cloned into plasmid pGEM-3Zf(Ϫ) ( Table 1 ) and were sequenced. Tn5 insertion sites were identified based on the results of BLASTN analysis with these sequences against the draft genome (248 contigs) of B. japonicum Is-34. The results of BLASTN analysis were as follows: (i) all of the Tn5 insertion sites were located in contig 13 of the draft genome of B. japonicum Is-34; (ii) a total of nine Tn5 insertion sites (at bp 7270, 7283, 8098, 8116, 8314, 9799, 10852, 10981, and 11193 in contig 13) were identified; and (iii) all these sites were located in a region extending from the putative tts box throughout the MA20_12780 gene (Fig. 1a) . The sequence of a putative tts box, found in the region upstream (Ϫ181 to Ϫ144 bp) of the MA20_12780 gene, was as follows: TCGTCATCAGGTTCTCGACAGCTTCCCCATT TAACAAA. This is almost identical to the sequence of the tts box for the bll8244 gene in B. diazoefficiens USDA 110 (10) (Fig. 1b) . Yang et al. (31) reported that the Bll8244 protein in B. diazoefficiens USDA 110 is a T3SS effector. Around the MA20_12780 gene, a transposase (MA20_12740), the IS1631 terminal repeat, and hypothetical genes were identified (Fig. 1a) .
Nodulation ability of the ⌬MA20_12780 mutant on Rj 4 genotype soybeans. The MA20_12780 gene in B. japonicum Is-34 was disrupted by marker exchange mutagenesis, which replaced the internal XhoI fragment region in the MA20_12780 gene with another XhoI fragment containing the Sm r Sp r gene (Fig. 1a) , resulting in the ⌬MA20_12780 mutant. The wild-type strain Is-34 formed nodules on non-Rj 4 genotype soybeans (cultivar Akishirome) (Fig. 2) . However, Rj 4 genotype soybeans (cultivars Hill and Fukuyutaka) restricted the nodulation of strain Is-34 almost completely (Fig. 2) , as reported with B. elkanii USDA 61 (5) . The ⌬MA20_12780 mutant, as well as Tn5 mutant 5H3, overcame this nodulation restriction (Fig. 2) , indicating that the MA20_12780 gene is involved in the incompatibility with Rj 4 genotype soybeans.
Bioinformatic features of the MA20_12780 protein in B. japonicum Is-34. The total length of the MA20_12780 protein is 1,364 amino acid residues. A repeat domain, comprising six repetitions of 29 to 36 amino acids, was found in the MA20_12780 protein by using RADAR software (Fig. 3a) , and a multiple alignment of these amino acid sequences is shown in Fig. 3b . An NCBI conserved domain search revealed that the MA20_12780 protein contains a small ubiquitin-related modifier (SUMO) protease domain of the C48 peptidase (ubiquitin-like protease 1 [Ulp1]) family (30) in the C-terminal region (Fig. 3a) . Another NCBI conserved domain search revealed that the Bll8244 protein also contains a SUMO protease domain in the C-terminal region (data not shown). XopD and XopD-like proteins of the phytopathogenic bacterium X. campestris are known to contain this domain (30) and have been well characterized. For example, Hotson et al. reported that XopD protein is injected into plant cells via a T3SS and hydrolyzes SUMOconjugated protein (32) . Multiple-alignment analysis of the SUMO protease domains in the MA20_12780, Bll8244, XopD, and XopD-like proteins revealed that the MA20_12780 protein contains the conserved catalytic core residues of the SUMO pro-tease domain, which consist of histidine (H), aspartic acid (D), and cysteine (C) (30, 32) (shaded in Fig. 3c ).
DISCUSSION
The nodulation of B. japonicum Is-34 is restricted by Rj 4 genotype soybeans (cultivars Hill and Fukuyutaka) (Fig. 2 ). In the current study, Tn5 mutants of B. japonicum Is-34 were obtained (Table 1) . Mutant 5H3 was able to overcome the nodulation restriction (Fig.  2 ). All the other Tn5 mutants used in this study (Table 1) were also able to overcome this nodulation restriction (data not shown). All of the Tn5 insertion sites in the Tn5 mutants were located in a region extending from the tts box throughout the MA20_12780 gene in contig 13 of the draft genome of B. japonicum Is-34 (Fig.  1a) . These results suggest that MA20_12780 is a candidate gene that causes the incompatibility with Rj 4 genotype soybeans. The existence of a putative tts box in the region upstream (Ϫ181 to Ϫ144 bp) of the MA20_12780 gene suggests the possibility that the MA20_12780 gene encodes a T3SS effector protein. Previously, Okazaki et al. (5) reported that the nodulation of B. elkanii USDA 61 was restricted by Rj 4 genotype soybeans; however, disruptants of the T3SS structural genes in strain USDA 61 were able to overcome this nodulation restriction. These results indicate that a candidate gene responsible for the incompatibility with Rj 4 genotype soybeans might encode the T3SS effector protein (9) . The existence of a putative tts box of the MA20_12780 gene supports this indication. In addition, an MA20_12780 gene disruptant (the ⌬MA20_12780 mutant) obtained by marker exchange also nodulated Rj 4 genotype soybeans (Fig. 2) .
In the region around the MA20_12780 gene, a transposase (MA20_12740) and the IS1631 terminal repeat were identified ( Fig. 1a ), suggesting that the MA20_12780 gene may be located in a transposable region. In general, a transposable region is sandwiched between two terminal repeats (23) . However, only one IS1631 terminal repeat was found in contig 13. Since the transposase (MA20_12740) and the MA20_12780 gene are located near the 5= end of contig 13, another IS1631 terminal repeat may exist in the gap region between contig 13 and the neighboring contig.
Domain analysis revealed that the MA20_12780 protein has a conserved SUMO protease domain of the C48 peptidase (Ulp1) family (30) in the C-terminal region (Fig. 3a) . Multiple amino acid sequence analyses of the C48 peptidase of the T3SS revealed that the MA20_12780 protein possesses conserved catalytic core residues (the His-Asp-Cys catalytic triad) of the SUMO protease domain (30, 32) (shaded in Fig. 3c ). The C48 peptidase family member and T3SS effector protein XopD is a protein of the plant-pathogenic bacterium X. campestris that is well known and studied (30) . The XopD protein consists of an ethylene-responsive element binding factor-associated amphiphilic repression (EAR) transcriptional repressor motif(s) [(L/ F)DLN(L/F)XP] and a SUMO protease domain (30) . However, the EAR motif [(L/F)DLN(L/F)XP] was not found in the MA20_12780 protein by use of the NCBI conserved domain search or upon visual inspection. Instead of an EAR motif, a repeat domain was found in the MA20_12780 protein (Fig. 3b ). While repeat domains are often found in T3SS effector proteins and are considered to be involved in protein-protein interactions (33), their function is not well understood (34) . The N terminus of XopD is involved in the host specificity of plantpathogenic bacteria (30) . The MA20_12780 gene in B. japonicum Is-34 and the bll8224 gene in B. diazoefficiens USDA 110 have almost identical tts box sequences in the upstream region (Fig. 1b) , and these products contain a SUMO protease domain in the C-terminal region (Fig. 3c ). However, there are differences in the N terminus and repeat domain between these proteins. For example, the repeat domain found in the MA20_12780 protein (Fig. 3b) was not found in the Bll8224 protein, suggesting that the MA20_12780 protein plays a role different from that of the Bll8224 protein.
Recent studies of Rj 4 genotype soybeans revealed that the Rj 4 gene encodes a thaumatin-like protein (TLP), which was classified as a member of the pathogenesis-related protein family 5 (PR5) (4, 7). Pathogenesis-related proteins (PR proteins) are known to be induced by pathogen attack and can be involved in host resistance to pathogens (4, 7) . The present study revealed that a putative T3SS effector, encoded by the MA20_12780 gene in B. japonicum Is-34, is a potential candidate responsible for the incompatibility observed with Rj 4 genotype soybeans. Taking the findings together, the nodulation restriction of B. japonicum Is-34 by Rj 4 genotype soybeans resembles "gene-for-gene" resistance in the plant-pathogen interaction (7, 35) and may be due to Rj 4 genotype soybeans recognizing the putative T3SS effector (MA20_12780 protein) of B. japonicum Is-34 as a virulence factor. However, the function of the TLP encoded by the Rj 4 gene is unknown, because this gene is unique among TLPs (7) . Therefore, as also described by Tang et al. (7) , experiments elucidating how the TLP in Rj 4 genotype soybeans is involved in "gene-for-gene" resistance against the putative T3SS effector (MA20_12780 protein) in B. japonicum Is-34 will be a significant challenge. As the first step of this challenge, the injection of the MA20_12780 protein into plant cells via T3SS will also need to be confirmed, as shown in the study of XopD protein (32) .
